ABSTRACT Exhaled breath acetone has been identified as a diabetes biomarker for non-invasive diagnosis. Its detection using biosensors features has many advantages over the conventional means. This paper reviews the recent literature on the detection of exhaled breath acetone and acetone vapor of diabetic interest. The biosensors have been classified based on their transduction methods. The performance characteristics of the biosensors have been explored for comparison. The future trends are also highlighted.
I. INTRODUCTION
Diabetes is a chronic disease that occurs either when the pancreas does not produce enough hormone that regulates blood sugar or when the body cannot effectively use the hormone [1] . It can lead to complications in different parts of the body that can result to increase in overall risk of early death. The complication can be heart attack, stroke, kidney failure, leg amputation, vision loss or nerve damage. Furthermore, in pregnancy, poorly controlled diabetes increases the risk of fetal death and other complications. Globally, an estimated 422 million adults were living with diabetes in 2014, compared to 108 million in 1980. According to latest report from WHO, the rising level is still on. In 2014, 8.5% of adults aged 18 years and older had diabetes [2] . In 2015, diabetes was the direct cause of 1.6 million deaths and in 2012 high blood glucose was the cause of another 2.2 million deaths. Forty-three per cent of these deaths occur before the age of 70 years. Early detection and regular screening for diabetes are keys to successful treatment and hindrance of these complications.
The usual diagnosis has been through blood glucose level assessment. However, the method features a lot of disadvantages. Few among them are; invasiveness (Figure 1 ), the need for skilled personnel, time consumption/lack of real time measurement, and laboratory restricted usage [3] , [4] . These necessitate investigation of other feasible ways.
FIGURE 2.
Correlation between breath acetone and blood glucose (BGL) in healthy and diabetics subjects from Reference [8] .
Thousands of volatile organic compounds (VOCs) have been identified in human breath. Interestingly, the VOCs are associated with different human diseases. Exhaled breath acetone has been identified as a biomarker for diabetes [3] , [5] - [7] because of its high positive correlation with blood glucose [8] (figure 2). Unfortunately, its concentration in human body is generally very low (0.1 ppm -0.8 ppm), while it might be high in the case of metabolism disorders, including diabetes mellitus (DM) (1.8 ppm -5.0 ppm) [7] , [9] - [16] . This low concentration has been detected by different devices. The conventional means of acetone detection like gas chromatography-mass spectrometry (GC-MS), selected ion flow tube mass spectrometry (SIFT-MS), proton transfer reaction mass (PTR-MS), high performance liquid chromatography (HPLC), ion mobility spectrometry (IMS), plus laser techniques like tuneable diode laser absorption spectroscopy (TDLAS) and cavity ring down spectroscopy (CRDS) are capable of detecting trace of acetone vapour with better sensitivity and selectivity relatively. However, these methods rely on sophisticated instrumentation, complicated sample collection methods, lack real time measurement, expensiveness and present only at advanced medical institutions [9] - [11] .
Biosensors for breath acetone provide lasting solutions to the above mentioned problems [17] - [20] .
Biosensors for breath acetone provide lasting solutions to the above mentioned problems [17] - [20] . Most review papers on monitoring and/or screening of diabetes are restricted to either material or exhaled breath acetone based. However, many papers have explored diabetes detection from acetone vapour. Its properties have been assumed to be similar to that of human exhaled breath acetone. Therefore, this paper reviews the latest literatures on the non-invasive detection of exhaled breath acetone as well as acetone vapour for screening and monitoring of diabetes using biosensors. In addition, papers with lowest detection limit out of diabetes range are excluded. Achievements and challenges have been explained in terms of performance characteristics. Finally, the summary and prospect conclude the review.
II. BRIEF OVERVIEW OF BIOSENSORS
A biosensor is an analytical device which can detect a biological analyte and convert its response into an electrical signal [19] , [20] . Biosensing can also be extended to the detection of any substance or parameter of biological interest. Typical biosensors comprise of three different components [17] . These are: (1) Receptor, which makes the sensing layer. A receptor can be a biological material or any other material that can capture and or interact with the analyte of interest. (2) Transducer, which detects the signal (interaction effect) generated from the interaction. (3) Electronics part, which comprises of amplifiers, processors and display. This helps in translating the information to human understanding.
Many researchers classified biosensor differently. However, in this paper, the biosensors have been classified based on transduction method (figure 3) in accordance with standard sources [20] - [24] . Electrochemical biosensor transforms the electrochemical effect due to analyte-electrode interaction into a useful signal [17] , [25] . It could also be due to change in electrical properties from analyte-receptor interaction of any sort. The group comprises of mostly voltammetry (ampherometric), potentiometric and chemiresistive sensors.
In optical sensor, a change in optical property due to interaction between analyte of interest and bioreceptor is measured. The usual optical properties exploited are absorbance, reflectance, luminescence, fluorescence, refractive index, optothermal effect and light scattering [17] , [23] , [25] - [28] . It uses visible and infrared waves. However, in microwave sensors the detection is based on the change of electromagnetic properties of gas sensitive layer (due to acetone sorption) in the microwave range [29] . Resonant characteristics of its system are affected by its design and physical properties of its surrounding environment. Therefore, shifts (due to acetone vapour) observed in their resonant frequencies can be exploited to be used in sensing [30] , [31] .
Another interesting class of breath acetone biosensor are mass sensitive based devices. They transform the mass change at a specially modified surface into a change of property (frequency) of the supported material. The mass change is caused by accumulation of the analyte of interest. It comprises of mostly piezoelectric, surface acoustic wave and acoustical wave.
For convenience, breath acetone would be referring to both exhaled breath acetone and acetone vapour throughout this paper.
Ideal breath acetone biosensors for diabetes are required to detect acetone down to sub-part per million (sub-ppm) level [5] , [13] . In addition, it must be free or less affected by high relative humidity (RH) [32] as human exhale breath contains about 80% to 90% RH or even more [32] . Furthermore, its user friendliness requires low operation temperature, environmental stability and incorporation of friendly sensing materials [33] - [35] .
Many breath acetone biosensors have been tested in laboratories. Despite this achievement, biosensors capable of detecting low concentration of acetone are still lacking commercially. This is likely resulting from the lack of perfection of their performance characteristics. Performance characteristics of usual concern are sensitivity, selectivity, response time, recovery time, limit of detection and stability of the sensing layers [36] , [37] .
A. ELECTROCHEMICAL BREATH ACETONE BIOSENSORS
Over 90% of the tested breath acetone biosensors are chemiresistive/conductometric based. Chemiresistive sensors are explained here under electrochemical biosensors in accordance with [20] , [21] . Other explored electrochemical breath acetone biosensors are voltammetry and potentiometric.
A chemiresistor is a resistor whose electric resistance is sensitive to the change in the chemical environment [22] , [38] . A chemiresistive sensor consists of one or more electrodes and a detecting layer of the sensor in contact with the electrodes (Figure 4 ). The measurement of the change in the electrical resistance of the sensing material can be recorded using simple ohmmeter [38] . This generally makes it cheaper and thus, it is relatively widespread. Unfortunately, the performance of chemiresistive sensors is not reliable because of the influence of contact resistance of the electrodes and other ambient factors to the signal. Furthermore, not much information can be obtained other than resistance [38] - [40] .
1) SENSITIVITY AND SELECTIVITY IN ELECTROCHEMICAL BREATH ACETONE BIOSENSORS
Sensitivity and selectivity are the basic concern of every biosensor. A lot of efforts have been made toward achieving good sensitivity and selectivity in electrochemical biosensing of breath acetone (for diabetes interest). Selectivity ensures the detection of analyte of interest (breath acetone) in the mix of interfering gases. The popular interfering gases are formaldehyde, trimethylamine and 1,3,5 trimethylbenzene, methanol, acetic acid, Dimethylformamide (DMF), ammonia, pentane (n-C 5 H 12 ), toluene (C 6 H 5 CH 3 ), carbon monoxide (CO), and ethanol (C 2 H 5 OH) [12] , [41] - [45] . Sensitivity also ensures insignificant signal from the interfering gases.
Chemiresistive based breath acetone biosensors for diabetes are compared in table 1. Their active sensing layers are mostly based on metal oxides semiconductors like: Tin(IV) Oxide (SnO 2 ), Tungsten (VI) oxide (WO 3 ), [43] . In addition, some are based on other chemiresitive materials like: graphene [33] , carbon nanotubes [46] , nanoparticles [47] and conducting polymers [48] , [49] . Furthermore, the materials are mostly either in their real form [42] , [50] or in composite [45] , [51] .
a: IMPROVEMENT OF SENSITIVITY AND SELECTIVITY IN DIFFERENT CHEMIRESISTIVE BASED MATERIALS i) TIN(IV) OXIDE BASED CHEMIRESISTIVE BREATH ACETONE BIOSENSORS
Modifications to various novel materials based on SnO 2 (either in pure form or composite) provide good sensitivity and selectivity to breath acetone [12] , [41] , [46] , [52] .
For example, [41] has proved good sensitivity and selectivity of indium loaded WO 3 /SnO 2 nanohybrid (In/WO 3 -SnO 2 ) based biosensor. Comparison has been made among interfering VOCs like ethanol, formaldehyde, trimethylamine and 1,3,5 trimethyl benzene. It also shows improved response compared to WO 3 /SnO 2 based biosensor. The short response/recovery times of the sensor proved its potentiality in real time measurement.
The response of pure SnO 2 has also been increased by more than 2.29 times after loading samarium oxide (Sm 2 O 3 ) [53] . The lowest detection limit (LOD) was as low as 100 ppb. This has been attributed to increase in oxygen vacancies created by the substitution of samarium in the SnO 2 lattice.
Functionalization of SnO 2 hemipill network with a hollow Pt has shown a superior detecting capability toward acetone over non-functionalized one [54] . It has detected 200 ppb of acetone under high humidity (RH 80%) with LOD down to 3.6 ppb.
Inclusion of carbon nanotubes to metal oxides semiconductors has also improved the sensitivity and selectivity in the breathe acetone detection [46] . For example, carbon nanotube-SnO 2 nanocomposite showed good selectivity to breath acetone after a comparison with ethanol. In addition, the sensitivity of the sensor was improved down to the detection limit of about 0.5 ppm [46] .
Multiwall carbon nanotubes (MWCNT) composite also showed an increment in response from 50% to 80% due to loading of MWCNT in SnO 2 -MWCNT nanocomposites based breath acetone sensor [52] . The sensor's stability is more than one year.
In another work, a lanthanide series element, particularly Europium (Eu) has been added to SnO 2 with the aim to increase the sensitivity and selectivity. Reference [12] has compared pure SnO 2 nanofibers with Eu-doped SnO 2 nanofibers based breath acetone sensors. Eu-doped SnO 2 electrospun nanofiber sensor shows better breath acetone selectivity and sensitivity among ethanol, methanol, acetic acid, DMF and ammonia.
ii) WO 3 BASED CHEMIRESISTIVE BREATH ACETONE BIOSENSORS
WO 3 has also attracted attention due to its promising physical and chemical properties. Its sensing characteristics can be enhanced with doping. A biosensor based on Si-doped epsilon-WO 3 nanostructured films has been developed [32] . It proves a low detection limit of acetone (∼20 ppb) with short response (10-15 s) and recovery times (35-70 s [32] .
Morphological changes in the Co-doped WO 3 hierarchical flower-like nanostructures assembled with nanoplates (FNPs) as well as its defect of WO 3 lattice and Co-catalysis effect have also promoted breath acetone adsorption [55] .
In another development, n-n heterojunction in the γ -Fe 2 O3:WO 3 nanocomposite based biosensor improved the detection of breath acetone. Improved response down to 1 ppm has been observed as against pure WO 3 and pure γ -Fe 2 O 3 alone. Its selectivity to breath acetone with a very fast response (1s) and very short recovery time (3s) against alcohol vapour and moisture in human breath has been proved [51] .
Another group of researchers used thickness-controlled cuboid WO 3 Nano sheets based biosensor to prove the good sensitivity and selectivity to acetone vapour against ethanol [43] .
Furthermore, the sensing layer of its nanocrystal form (WO 3 nanocrystals) was able to attain a detection limit down to 0.05 ppm [56] .
The synthesis of hierarchical WO 3 core-shell microspheres also allowed the detection of acetone vapour down to 1.8 ppm. The sensing layer has also shown to possess better response to breath acetone compared to ethanol, methanol, NH 3 , Xylene and Toluene [57] .
Porosity of the biosensor layer (WO 3 ) has also helped in attaining selective and sensitive breath acetone detection. It demonstrated good response and selectivity down to 0.1ppm compared to ethanol, toluene, methanol, benzene, NH 3 and CO. Porous C-doped WO 3 hollow spheres based biosensor is also very sensitive and selective to breath acetone down to 0.2 ppm [44] . The research was the improvement of the previous work done by the same researchers [42] .
Another important factor is the catalytic sensitization of the sensing layers [50] . Highly sensitive and selective breath acetone detection has been achieved following the functionalization of WO 3 nanofibers (NFs) by Rhodium nanoparticles (Rh 2 O 3 NPs) [58] . This was proven against interfering gases like pentane (n-C 5 H 12 ), ammonia (NH 3 ), toluene (C 6 H 5 CH 3 ), carbon monoxide (CO), and ethanol (C 2 H 5 OH) [58] .
The unique properties of conducting polymers attracted the synthesis of polypyrrol (PPy)-WO 3 Hybrid Nanocomposite. The composite showed better selectivity and sensitivity to breath acetone while compared to ethanol, methanol and water [45] .
Doping of tungsten oxide film with Si significantly improved the limit of detection of breath acetone down to 0.32 ppm compared with the pure WO 3 [59] . Effect of relative humidity has also been explored at 50%.
iii) ZnO BASED CHEMIRESISTIVE BREATH ACETONE BIOSENSORS
Another great metal oxide semiconductor for breath acetone biosensing is Zinc Oxide (ZnO). ZnO thin films show promising features in the detection of breath acetone for diabetes interest [12] . It showed good sensitivity and better selectivity to acetone compared to ethanol and acetaldehyde.
A biosensing layer based on maize straw-templated hierarchical porous Ni doped ZnO (STHPS ZnO:Ni) has been synthesized [60] . Its ability to provide real time measurement of breath acetone was proven from its short response (6s) and recovery times (2s). Its detection limit was estimated as 116 ppb.
ZnO based biosensor can also be improved with doping. Thin films of Nanostructured Cerium doped ZnO have also been synthesised [61] . Greater response to acetone vapour against ammonia and acetaldehyde vapours has indicated their selective nature.
iv) OTHER CHEMIRESISTIVE BREATH ACETONE BIOSENSORS
Different other materials (other than SnO 2 , WO 3 and ZnO) have also been explored [5] , [33] , [35] , [49] , [52] , [62] - [77] . Table 1 shows details about all the chemiresistive sensors for diabetes. Most of their LOD covers diabetes range. However, few start from range of doubt [5] , [35] , [78] . Range of doubt means the range between normal and diabetes (which indicates those at risk).
b: IMPROVEMENT OF SENSITIVITY AND SELECTIVITY IN OTHER ELECTROCHEMICAL BREATH ACETONE BIOSENSORS
Potentiometric biosensors are very promising acetone detectors. The principle of detection is based on the measurement of the emf (electrical potential) of a cell at zero current (during exposure to breath acetone). The emf is then proportional to the logarithm of the concentration of the breath acetone. For example, a Light Addressable Potentiometric Sensors (LAPS) has been used in the detection of breath acetone for diabetes [79] . Also, another sensitive breath acetone sensor has been developed based on immobilised α D-galactose [80] . Its potentiometry used three electrodes, a working electrode (made of platinum), reference electrode (silver/silver chloride/0.3M KCl) and counter electrode (copper). A portable gas analyzing system has also been developed using polypyrrole (ppy) conducting polymer sensor [48] . The detection of the acetone was translated from voltage variation rate. They were able to validate their results using samples from normal subjects and diabetics.
2) OPERATION TEMPERATURE
Operational temperature is another important parameter in biosensing application. Despite the promising sensitivity and selectivity of these electrochemical biosensors, high operational temperature has always been their main shortcoming as shown in table 1 [62] , [66] , [74] , [81] . High operational temperature is prone to problems like greater power consumption, reduced device lifetime, unfeasible accommodation of inflammable substances and other environmental effects. A lot of efforts have been conducted in a move to suppress such high operation temperature (200 • C to 600 • C) to room temperature or lower (Table 1) .
Conducting polymers are well researched in biosensing field. This is due to their attainable high sensitivity, short response time, room temperature operation and many more. Tungsten trioxide-polyaniline nanocomposite has allowed room temperature detection of acetone vapour as against normal Tungsten trioxide (WO 3 ) with temperature of almost ≥ 300 • C [34] . Unfortunately, the LOD (10ppm) was only closer to diabetes range. But, Chitosan-based biosensor has allowed the detection of low concentration acetone at the temperature of (∼25-30 • C) in normal air [49] .
A Nanostructured Cerium-doped ZnO thin film based breath acetone sensor has detected breath acetone down to 1ppm at 24 • C. Its response was also within acceptable range (3% at 5ppm) [61] . Also, another nanostructure, nanostructured K 2 W 7 O 22 based breath acetone has also provided room temperature operation with good response time. This was attributed to its unique ferroelectric and semiconducting properties that result in the effective interaction and strong charge transfer between acetone and K 2 W 7 O 22 [35] . Its LOD was also within the required range for the screening and monitoring of diabetes.
Hierarchical 3-D TiO2 Nanoflowers also gave rise to a highly selective low-temperature (60 • C) acetone sensor [5] . The selectivity was judged among methanol, 2-butanone, toluene, and 2-propanol. Its ability to provide real time measurement has been observed from its fast response ∼ −15 s) and recovery time ∼15-39 s). Reference [82] were also able to investigate how a ZnO thin film prepared by sole gel dip coating can be used as a breath acetone biosensor at room temperature. Recently, another conducting polymermetal oxide composite (PPy-WO 3 hybrid nanocomposite) based gas sensor deposited by electrospinning has also provided a selective and sensitive detection of breath acetone at low temperature (90 • C). The enhancement in the detection by the PPy-WO 3 hybrid nanocomposite film was attributed to the effective role of WO 3 nanoparticles in PPy matrix and formation of p-n heterojunction region [45] . The latest work on the effect of ultraviolet illumination on monolayer graphene-based resistive sensor showed the capability of detecting acetone at room temperature. The unique effect could even provide the detection down to ppb range. The improvement of operational temperature could open a way to achieving feasible electrochemical breath acetone biosensors for monitoring and screening of diabetes.
3) RELATIVE HUMIDITY
An environmental condition like relative humidity (RH) influences the performance of biosensors. Thus, a reliable biosensor layer is always expected to be characterised with water-vapour resistant feature [89] , [90] . Additionally, breath acetone is highly humidified (80-90% R.H.). As such, reliable detection of acetone requires insensitivity to relative humidity or moisture.
Many researchers investigated the effect of relative humidity on the response of their exhaled breath acetone biosensors as shown in table. Only few biosensors were optimised at such high humidity. For example, [48] showed insignificant R.H. effect to their Polypyrrole based biosensor. Unfortunately, the maximum explored relative humidity effect was 45%. In another development, a portable Si (silicon):WO 3 based breath acetone sensor has shown the cross sensitivity to humidity to decreased considerably to 4.5% between 80 and 90% R.H. [32] . The effect of competition between acetone and water adsorption has been explored on Carbon nanotubes-SnO 2 nanocomposite based biosensor at 85% RH (RH of human breath at 37 • C) [46] . Though its response has been decreased, but it was within acceptable level.
As a rule, breath acetone sensors need to be optimised for R.H. (at around 80-98%) [32] , [44] , [46] , [50] , [58] , [60] , [62] , [64] - [66] , [71] . The response of sensors usually decreases with increase in the concentration of moisture (RH increase). This might be due to the displacement of chemisorbed oxygen species by water molecules and hydroxyl species at the sensor surface. However, even with the decrease, response values used to be within acceptable range. In a move to manage this decrease, a WO 3 nanofibers (WO 3 NFs) biosensor film has been decorated with Rh 2 O 3 . Maintenance of remarkable sensing properties has been observed even in 95% RH at room temperature (28 • C) [58] .
Addition of 0.25% MWCNT to pristine SnO 2 to form composite biosensor also showed insensitivity to saturated moisture [52] . Hence, reliability of any breath acetone biosensor cannot be proven without RH optimization.
B. OPTICAL BREATH ACETONE BIOSENSORS
An optical biosensor is a device that can measure a change in an optical property due to molecular binding or reactions and converts it into an electrical signal [23] , [37] . Optical based biosensors are recommended over other biosensors because their unique advantages such as greater sensitivity, electrical passiveness, freedom from electromagnetic interference, wide dynamic range, non-requirement of reference electrode, freedom from electrical hazards, high stability relatively, potential for higher-information content than electrical transducers and multiplexing capabilities. Despite all these advantages, only few breath acetone sensors were explored based this transduction method [29] , [91] - [97] . 
1) SENSITIVITY AND SELECTIVITY
As described earlier, only few researchers explored optical detection of breath acetone for diabetes. These works were mostly based on fiber optics, spectroscopic and surface plasmon resonance methods. Figure 5 shows sketch of an optical sensor based on surface plasmon resonance.
A fiber optic nicotinamide adenine dinucleotide (NADH) measurement system has provided a very selective and sensitive detection of breath acetone down to 20 ppb (applicable in monitoring diabetes) [91] . Photomultiplier tube (PMT) photodetector monitores the change of fluorescent emitted from NADH following the detection of acetone vapour.
In another development, a highly selective portable optical acetone sensor was achieved by monitoring the absorbance in Flavan, a product from reaction of acetone and resorcinol on Nafion (a perfluorosulfonic acid polymer membrane). The Flavan produces a color change in the visible spectrum which could measure acetone concentrations to less than a ppm [92] .
Raman spectroscopy was also used in the detection of acetone vapour will LOD down to 0.0037 ng (ppb range) [93] . The sensor signal was extracted from the enhanced Raman signal following the adsorption of the acetone vapour at the tips of the nano-pillar substrates.
A portable sample preconcentration and cavity enhanced spectroscopy based biosensor has demonstrated the measurement of 159 ppbv concentration of breath acetone [94] .
Acetone vapour detection (in diabetes range) has also been achieved with surface plasmon resonance based biosensor [95] . The biosensor has shown better selectivity to acetone vapour against methanol, ethanol and propanol. A facile microwave irradiation of porous Au-decorated 1D α-Fe 2 O 3 has achieved ultrahigh-sensitivity in acetone detection [96] . The sensor exhibits a close to linear response and fast dynamics in response/recovery cycling over a wide range of acetone concentration (−100 ppm range in humid air).
A polymer-coated microring resonator has been explored for breath acetone sensing [98] . The authors used two low molecular weight polymers, hybrane D2800 and PVP-NH2 as gas absorption materials for the sensor. Experimental and theoretical LOD for acetone of 100 ppb and 17 ppb were obtained, respectively. Also, a highly sensitive breath acetone biosensor has been tested based on silicon nanophotonic ring resonator [99] . A sensitivity of 1.7 peak shift / 1000 ppm was recorded for breath acetone detection with high stability (<1pm drift) and fast response time (∼20 s). However, the achieved detection limit (800 ppm) is not applicable to the monitoring of diabetes.
Recently, an LOD down to 0.5 ppm has been achieved by a modified sodium alginate gel fabricated filter paper based sensor [100] .
2) OPERATION TEMPERATURE
The effect high temperature might not be an issue with optical sensor. Most the optical based biosensors mentioned above provided the result of their measurement at feasible temperature range [100] . However, Au/1D α-Fe2O3 based biosensor was the only sensor reported to have been operated at 270 • C [96] . Therefore, more comprehensive studies are still encouraged in this regard. VOLUME 7, 2019 3) RELATIVE HUMIDITY
The effect of relative humidity was also not studied in most of the available literature. For example, all the reported literature [91] - [97] on the optical detections fail to present any RH studies. Therefore, future studies are also expected to look into it.
C. MICROWAVE BREATH ACETONE BIOSENSORS
Microwave-based sensors have shown huge potential in sensing applications [29] , [101] . They can provide a non-contact and real time measurement. This makes them more attractive for sensing application [102] . Schematic diagram of the sensor used by [103] is illustrated in Figure 6 . Recently, microwave based detection of breath acetone has been explored by some researchers. For example, a room temperature (37 • C) detection of breath acetone has been achieved down to 1 ppm [104] . The authors attributed the success to the unique features of microwave sensors, large surface area of the sensing layer (Highly Networked Capsular Silica Porphyrin Hybrid Nanostructures) and its numerous active sites. Also, another room temperature detection has been achieved by [29] . Its measurement was based on comb polymer phthalocyanines (Pc)-thin film deposited on interdigital capacitor. Unfortunately, the LOD achieved was 0.5 ppm. Therefore, it needs to be improved to cover the entire range for both healthy and diabetes patients. Detection of low concentration of acetone (0-265 ppt) has been conducted [103] . The measurement was based on the absorption of acetone by a microwave resonator coated with a thin layer of polydimethylsiloxane (PDMS). Many studies are still required in this promising area.
D. MASS SENSITIVE BREATHE ACETONE BIOSENSORS
Mass sensitive based biosensors are very generally sensitive to mass change. They transform the mass change at a specially modified surface into a change of a property of the support material [105] . The mass change is caused by the accumulation of the analyte of interest (mass loading). The signals are mostly extracted based on frequency shift. Figure 7 illustrates a breath acetone sensor based on MEMS resonator [106] . It was made of a square moving plate supported by four flexible beams, and suspended on top of a fixed plate with an initial gap.
Many researchers have investigated the detection of acetone using piezoelectric quartz crystal microbalance (QCM) concept. However, most of the studies are irrelevant to this review [107] - [119] . A quartz crystal microbalance sensor utilizing Ag + -ZSM-5 zeolite as an active element was found to be highly sensitive to acetone with detection limit down to 1.2 ppm. But, it was reversible only in nitrogen [120] . Piezoelectric sensing is based on the measurement of the frequency change of the quartz oscillator plate caused by adsorption of a mass of the analyte at the oscillator. When a voltage is applied to a quartz crystal, it oscillates at a specific frequency. Change in mass on the quartz surface is related to the change in frequency of the oscillating crystal, as shown by the Sauerbrey equation [121] . m = −C · f QCM can work at room temperature as a mass sensitive sensor and can determine even nanogram-level mass change [122] . Graphene oxide/chitosan (GO/CS) nanocomposite based QCM sensor has been used in the detection of some amine vapours. A mass sensitive ComplementaryMetal-Oxide-Semiconductor Micro-Electro-Mechanical Systems (CMOS-MEMS) based breath acetone biosensor with detection limit down to 0.4 ppm has also been simulated at room temperature [123] . It was experimentally tested for concentration of breath acetone down to 0.05 ppm using a polyMEMS device [124] . In another development, the possibility of intergrating hierarchical ZnO nanostructure to CMOS-MEMS has been described [125] . This promising high sensitivity of mass sensitive based biosensors is expected to allow the detection of breath acetone for monitoring and screening of diabetes in near future. Recently, 1 butyl-3-methylimidazolium tetrafluoroborate ([bmim] [BF4]) has been coated on a quartz crystal microbalance (QCM) for the detection of breath acetone for diabetes monitoring.
The sensing mechanism was based on a reduction in viscosity and density of the [bmim] [BF4] film. The recorded sensitivity and LOD were 3.49 Hz/ppmv and 5.0 ppmv, respectively. Therefore, future studies are expected to take this area to maturity for reliable and improved monitoring and screening of diabetes.
IV. CONCLUSIONS AND FUTURE TRENDS
Breath acetone has been well validated as diabetes biomarker that can provide a non-invasive means of monitoring and screening diabetes. Since then, researchers have been looking for novel ways to allow its detection at very feasible and favourable condition. The utilisation of biosensor for breath acetone detection features many advantages over the conventional means of its detection (using gas chromatography-mass spectrometry (GC-MS), selected ion flow tube mass spectrometry (SIFT-MS), proton transfer reaction mass (PTR-MS), high performance liquid chromatography (HPLC)). Biosensors provide real time measurement. In addition, it is portable, cheap and easily operated and accessible.
Electrochemical biosensors, particularly chemiresistive biosensors have been used widely in the detection of breath acetone for the monitoring and screening of diabetes (5ppm downward). This might have resulted from the simplicity of the detection system. However, chemiresistive biosensors are generally regarded as extremely unselective sensors due to the resistance influence from the component of the detection system. But, researchers had made a lot of contributions toward improving the biosensors. Their selectivity test was usually against interfering gases like formaldehyde, trimethylamine and 1,3,5 trimethylbenzene, methanol, acetic acid, DMF, ammonia, pentane, toluene, carbon monoxide, ethanol. Unfortunately, most of these chemiresistive breath acetone sensors use metal oxide semiconductors which are well known to be operated at very high temperatures (300 • C to 650 • C). These pose problems to the biosensors, users and the environment. Additionally, the effect of relative humidity on biosensing layer needs closer consideration since exhaled breath acetone is greatly rich in moisture (80-95% RH). It reduces the response of the biosensors [3] , [46] , [56] . Researchers find hindering the effect of RH very difficult. But, its minimization to acceptable level has been achieved by many researchers.
In the same vein, optical, microwave and mass sensitive based biosensors might be very promising in the detection of breath acetone for diabetes due to their unique properties and better sensitivity. More importantly, are the improved selectivity, electrical passiveness, freedom from electromagnetic interference, wide dynamic range of operation, nonrequirement of reference electrode, freedom from electrical hazards of the optical based sensors. Unfortunately, optical based breath acetone sensing is not even close to maturity. In the case of promising mass sensitive based biosensors, a lot of efforts have been made. However, our search had only located few papers that has been optimised for the detection breath acetone for monitoring and screening of diabetes [120] . Microwave based biosensors also lack popularity in the detection of breath acetone for diabetes.
Conclusively, chemiresistive sensors still seem to be the most sensitive breath acetone biosensors. However, their detection system, selectivity and high operational temperature still need improvement. As for the other biosensors where low operational temperature and good selectivity are mostly achieved, vigorous studies are still expected in order to improve their sensitivity. Addressing these issues would definitely improve and open a way to achieving a reliable biosensor for non-invasive monitoring and screening of diabetes.
